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SUMMARY 
The Second Year Summary Report covers work completed by 
Norton Research Corporation on the structural properties 
of boron and boron carbide which had been vacuum evaporated 
onto thin substrates such as polyimide film and aluminum 
foil. The work was carried out during the period September 
19, 1968 through September 17, 1969. Previous work in a 
number of programs at N.R.C. had demonstrated that layers 
of the vacuum evaporated deposit along with the substrate 
could be bonded together to give multi-layered composite 
materials which had mechanical properties which were iso- 
tropic in the plane of the composite. In general, the earlier 
work had demonstrated that while the composites gave high 
values of specific modulus, the composite strengths were 
lower than anticipated from several indirect methods of 
measuring the strength of individual films. 
The present program investigated a number of procedures 
aimed at increasing the strength of the composites. The 
work included examination of the dimensional and weight 
changes in the polyimide substrate when exposed to the 
condition experienced during vacuum coating with boron and 
boron carbide. A detailed examination of the surface 
morphology of both the polyimide substrate and the vacuum 
deposited boron and boron carbide indicated that the most 
i~uportant crack nucleating defects appeared to be those 
associated with "spit marks" and microscopic droplets of 
molten material embedded in the deposit. Extended vacuum 
degassing of the polyimide substrate prior to coating did 
n o t  substantially improve the adherence of the deposits to 
the polyimide. It did, however, lower the strength of the 
polyimide and decrease its tear resistance. 
The latter part of the program was devoted ma~nly to 
the development of procedures for the direct measurement of 
the strength of films of boron deposited on thin polyimide 
and metallic substances. Direct tensile tests were also 
made on small flakes of the deposits. Procedures were 
developed to carry out depositions at substrate tempera- 
tures ranging from about 300'~ to ~OOO'C on specimens 
suitable for direct tensile testing and the measurement of 
the stress-strain behavior. The highest strength values 
measured by these techniques was 131,000 psi by direct 
measurement of boron carbide flakes and ll0,000 psi from 
analysis of the strain behavior of the experimental boron- 
titanium tensile specimens. Initial tests aimed at measuring 
the strength of deposits made on tantalum substrates held 
at about 1000" were complicated by tantalum-boron interactions. 
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INTRODUCTION 
Previous work at Norton Research Corporation had shown 
that materials such as boron and boron carbide could be 
vacuum evaporated onto thin substrates such as polyimide 
film and aluminum foil. (References 1, 2, 3, 4) Multiple 
layers of the evaporated deposit and substrate could then 
be bonded together to give a composite material which had 
mechanical properties which were isotropic in the plane of 
the composite. The earlier work indicated that the degree 
of translation of the elastic modulus properties (stiffness) 
of the boron and boron carbide into the composites was high 
and in many composites, close to theoretical. On the other 
hand, while the strength of the composites was relatively 
low, there were a number of positive indicatfons that the 
strength of individual thin films could be higher than 
indicated from composite performance. 
The basic purpose of the present program was to investi- 
gate a number of procedures which appeared promising for 
increasing the strength of the composites. This work was 
divided into two main areas of investigation. The first 
was concerned with the characterization and improvement of 
the boron carbide-substrate combination as a reinforcing 
material. It included work on dimensional changes in and 
the morphology of the polyimide substrate used for most of 
the work, as well the effect of vacuum outgassing of the 
polyimide film. Some preliminary work was also completed 
on using higher substrate temperatures during the deposition 
step. 
In the second phase of the work more emphasis was given 
to the study of single elements of the reinforcing material; 
that is, the actual strength of the boron and boron carbide 
films. As the work progressed, more attention was given to 
boron than to boron carbide. The main reasons were: 
1) Work on the boron filaments had shown that so called 
amorphous boron could be made with high strength. 
2 )  High purity boron was more readily available than 
high purity boron carbide. 
3) The possibility existed that variations in the 
boron-carbon ratio in evaporated deposits of boron carbide 
would have an effect on the strength of the deposit. 
THE CHARACTERIZATION AND IMPROVEMENT OF 
BORON CARBIDE FILM REINFORCEMENT MATERIALS 
The reinforcement materials used in this program were 
made by passing a thin polyimide (or aluminum substrate) 
over a high temperature source of boron carbide vapor in 
vacuum. Boron carbide was then deposited on the substrate 
as a thin coherent film. Previous work had shown that the 
strength and stiffness of any composites fabricated from 
multiple Payers of boron carbide and substrate could be 
related back to the strength and stiffness of the boron 
carbide film. The form and dimensions of the boron carbide 
are reproductions of the surface of the substrate. Con- 
sequently in order to make a deposit which is smooth, 
planar and without defects it is important that the substrate 
being coated also be smooth, flat and without surface im- 
perfections. Since the substrate is also exposed to radiant 
energy from the high temperature boron carbide source 
( >  2600°c), it is important that the substrate be thermally 
stable -- from both dimensional and chemical points of 
view. The initial part of the experimental work of this 
program was therefore directed towards an examination of 
the effect of heat in the dimensional characteristics of 
the polyimide film. This was followed by measurements of 
weight losses of the film when exposed to elevated tem- 
peratures in vacuum. The next phase of work was a more 
detailed examination of the surface morphology of the 
polyimide film. The main interest here was to characterize 
and enumerate the most important surface defects in the 
polyimide substrate. This work in turn Lead to further 
studies of the crack nucleating defects in samples of 
boron carbide which had been vacuum deposited on these polyi- 
mide films. This work was of prime importance because of 
the possibility that the strength of the boron carbide film 
was limited by defects in the deposit. 
Three other general subjects related to process modi- 
fications were also investigated. They were modifications 
which were considered likely to permit fabrication of com- 
posites with higher tensile strength. 
1) Vacuum oven degassing of the polyimide film prior 
to installation in the vacuum cooling chamber. The specific 
purpose of this work was to examine the possibility of 
improving the adhesion between the boron carbide and 
the polyimide film. 
2) High temperature deposition of boron carbide on 
both polyimide and aluminum foil substrates. This work 
was deemed desirable since other evidence had indicated 
that higher strengths would posslbly be achieved if de- 
posits were made at higher substrate temperatures than 
used in earlier work. 
3) Repeated alternate deposition of boron carbide on 
two sides of polyimide film to gradually build up layers of 
equal thickness on the two sides. The main purpose of this 
work was to produce relatively thick films of boron carbide 
which would be sufficiently flat for direct tensile test 
measurements. 
Each of the above phases of work in this section are 
summarized below. 
Dimensional and Weight Changes of 
Polyimide Film 
Most materials expand when heated and contract again 
when cooled, This is not necessarily a reproducible change. 
For example, a material may not return to its original 
dimensions when restored to its sriginal temperature. 
Kapton polyimide film was found to be affected assymetri- 
cally. For example, a length of 0.25 mil polyimide 
film was taped to a base and was then sampled by the care- 
ful removal of a rectangular section from within its 
boundaries. This section was placed in a vacuum oven at 
350'~ for a period of 20 minutes. After the exposure the 
specimen was allowed to cool to room temperature and was 
then placed in the opening from which it had been taken. 
The two dimensions of the rectangular sample were affected 
differently. The length of the sample in the direction of 
the main length of the polyimide film in the supply roll 
was the same as its original length, This coincfded with 
the transport direction in the semi-continuous boron 
carbide coater and the rolling direction during original 
film manufacture. The side of the sample perpendicular 
to the transport direction of the polyimide was shorter 
than its original length. The reduction in film width 
was about 2.6%, Dimensional instabilities of the substrate 
such as this undoubtedly have significant effects on the 
planarity of film exposed to temperature fEuctuations 
and this in turn affects the flatness of the boron carbide 
deposited on the polyirnide substrate. 
In a further experiment relating to substrate stability, 
two different lots of 0.24 mil polyimide film were also 
exposed to heat in a vacuum furnace to determine weight 
losses of this polyimide under process conditions. A five 
foot long sample of the 9% inch wide material was taken from 
each Pot. Sample "A" represented material which had been 
exposed in a vacuum oven for 37 days at 105" and then for 
60 days at room temperature. Sample "B" represented ma- 
terial as received from Du Pont. Both samples were held in 
room ambient air for two days before the weight loss test was 
started. The samples were weighed in and out of the furnace 
for each temperature exposure to determine the change in 
weight produced. During each exposure period the samples 
were held at the exposure temperature for one hour. Exposure 
temperatures were 70°c, E~O'C, 250"~ ~OO'C, 350°c, 400°c, 
and 450'~. 9x1 Figure 1, the sample weight after each expo- 
sure is shown plotted against exposure temperature. There 
is little difference between the two curves. Both samples 
underwent similar changes. The plateaus at 100'~ and 375'~ 
suggest completion of removal of one substance before the 
start of removal of a second material. The substance removed 
below 100'~ was presumably water. The substance removed 
between 100'~ and 375'~ may have been unreacted raw materials 
such as aromatic diamines and dianhydrides. The more 
rigorous exposure in the vacuum oven apparently produced no 
permanent change in the outgassing properties of the material 
as far as water was concerned. Moisture appeared to be easily 
absorbed and readily released. The manufacturer" data, shown 
in Table 9 and mass spectrograms of the chamber atmosphere 
both confirmed this* There appeared to be a difference in 
Figure 1 
weight Loss of "Kapton" in Vacuum Oven 
Basis: l hour exposure at each temperature 
-5.940 
-3 Use right scale -5.930 
Sample "B"  - as 
recelved 
-5 .920 
-5.910 
days then held In vacuum oven 
at room temperature for 60 days 
-5 .goo 
5 .890 
L O O  260 300  460 
Temperature, 'C  
Table I 
Rate of Drying Type H "Kapton" at 23'~" 
Film Thickness 
1 mil 
2 mil 
3 mil 
5 mil 
Time for % of Moisture 
to Leave Film 
3 minutes 
10 minutes 
21 minutes 
54 minutes 
*Data supplied by DuPont 
the outgassing rate of the unidentified material driven off 
in the temperature range from 1 2 5 "  to 4400"~  The "plateau" 
at 3 7 5 ' ~  was not flat for Sample " B " ,  This indicated that 
evolution of one material was not complete before evolution 
of a second material started, Comparison of the two curves 
suggested that the vacuum oven exposure removed some of this 
material. During the entire series of exposures, 0.72% of 
the material previously exposed to a vacuum oven environment 
was removed compared with 0.81% of the "as received" material. 
It is likely that major changes in mechanical properties of 
the polyimi.de film produced by the vacuum oven exposure resulted 
from the removal of this unidentified material which the 
manufacturer has indicated may be aromatic diamines or dian- 
hydrides. 
Further information on the effects Of vacuum degassing 
on the polyimi.de film is presented on pages 24, 25 of this 
report. 
Morphology of Pelyimide Film and 
Reinforcement P/4ateria$ 
Samples of polyimide film and reinforcement material were 
examined with the optical microscope to determine whether they 
contained defects which might affect reinforcement strength 
by nucleating cracks in the boron carbide coating. A defect 
was considered to be any irregularity in the surface of either 
the polyimide substrate or the reinforcement. 
The polyimide film had many surface defects, The di- 
mensions and frequency of occurrence are shown in Table 11. 
The five major types were: 
I) Stretch marks which were parallel wlth the rolling 
direction of the film. Microscopic examination of the polyi- 
mide film using polarized light indleated that the polyimide 
film was internally stressed in the regions adjacent to each 
of these stretch defects (Flgure 2 ) -  
2) Scratch marks at a 60 '  angle with the rolling 
direction. These scratches were bel~eved to be a result of 
mechanical processing in the fabrication of the polyimide 
film (Figure 3). 
3) Lumps of polyimide rislng out of the surface. A 
circular stress pattern existed around each of the lumps 
(Figure 4). 
4) Elongated lumps which appeared to be lumps that were 
pressed out when the material was rolled. They were oriented 
and had stress patterns parallel to the rolling direction 
(Figure 2). 
5) Holes through the film. Each of these appeared to 
be a lump defect which had a hole in the mlddle. Each hole 
also had a circular stress pattern around it (Figure 5 j .  
Table I1 
Magnitude and Frequency of Polyimide Defects 
Type of Ileight Width Frequency of Remarks 
Defect Occurrence 
Stretch 
Mark - 
Scratch 
Mark - 
50 lines/inch Internal and 
surface features 
100 - 300 On surface at 60% 
lines/inch angle to stretch 
Elongated 
Lump .1 - .3 mil .1 - .4 mil 4 - 20/inch 2 Aligned with stretch 
marks 
Lump -1 - .5 mil 1 - 2 mil 4 - 13/inch 2 Random orientation 
Lump with 
hole %.5. mil 2 mil, .75 .5/inch 2 
mil hole 
Random orientation 
Figure 2. Stretch Marks and Lump in "Kapton" Film. 
X 65. 
F i g u r e  3 .  Scratch Marks on "Kapton" F i l m .  
X 3 5 .  
Figure 4 .  Lump in "Kapton" Film. 
X 910. 
Figure 5. Lump with Hole in Middle in "Kapton" Film. 
X 965. 
15 
Subsequent examinations of the substrate coated with 
either boron or boron carbid-e showed that the reinforcement 
material had defects which were related to defects in the 
polyimide substrate and also to defects inherent to the rein- 
forcement material itself. When the ceramic vapor condensed 
on the substrate material it reproduced on its exposed face 
the surface features of the substrate. As a result, defects 
in the substrate surface became defects in the ceramic 
coating. In addition, molten material was sometimes 
ejected from the ceramic melt to produce "spit marks" and 
"globs". Consequently, when the coating was completed, the 
surface of the reinforcement resembled that of the substrate 
except that it also had "glob" and "spit marks" on it. If 
the substrate was removed, the freshly exposed face of the 
ceramic was a replica of the substrate it had coated. The 
globules, spit marks, and substrate surface features appeared 
to be important sources of crack propagation in the rein- 
forcement. While quantitative data were not obtained to 
relate the strength of the reinforcement to these defects, 
it would be unlikely that there would not be a correlation. 
In general, relatively simple changes in the coating process 
could be expected to reduce many of these defects -- they 
are not necessarily fundamental to the process. It is 
possible that the tensile strength of the film would then 
be increased. Further work on the study of defects is 
presented below. 
The Effect of rlorphology on Crack bTueleatron 
A number of boron carbide deposits were prepared and 
examined in detail to assess the relative importance of 
the various types of defects found in the condensed boron 
carbide films. Polyimide substrate specimens were coated 
with boron carbide on both sides rn a special jig which 
allowed the build up of even coatlngs on both sides of the 
substrate. Thin coatings were applled to the polyimide 
substrate (about 0.05.mil per side) to permit the crack 
origins to be accurately located in both the substrate and 
the coating. Figure 6 shows a crack which originated at a 
spit mark in the coating. Fegure 7 shows a crack which 
originated from a lump defect on the substrate. A tally 
showed that 60-70% of the cracks were generated by defects 
such as "globs" or spit marks in the coating: In samples 
with heavy coatings, many cracks did not have any observable 
initiation sites. In these cases, cracks appeared to pro- 
pagate in the reinforcement due to internal stresses pro- 
duced during the coating process. When samples were strained 
the majority of new cracks were inetiated at residual crack 
sites. 
A tapered bar specimen (see First Year Summary Report) 
also was examined for crack origins. This specimen consisted 
of a molybdenum bar which was first coated with f40nsantofs 
Skybond 704 polyimide resin. Boron carbide was then evap- 
orated onto the polyimide surface. This type of polyimide 
resin had different defects from the DuPont polyimide film 
but the net result was essentially the same, Approximately 
80% of the cracks were started at defects ln the boron carbide 
Figure  6. S p i t  Mark I n i t i a t i n g  Crack i n  Boron 
Carbide Coating on "Kapton". X 1200. 
Figure 7. Substrate Defect Initiating Crack in 
Boron Carbide Coating on "Kapton", 
X 890. 
coating. Figure 8 shows cracks originating at "spit type" 
coating defects on this tapered bar specimen. 
It was apparent from observations of this type that 
while substrate defects may nucleate cracks in the rein- 
forcement, they were not the major source of reinforcement 
failure. Defects in the ceramic coating nucleated most of 
the cracks. Cracks often continued to propogate because of 
high stresses in the deposits. 
Before proceeding with the study of the three process 
modifications referred to on page 4 it was considered 
desirable to prepare reinforcement material to serve as a 
control for evaluation of the effect of the various process 
modifications. The substrate used was 0.25 mil polyimide 
which had been stored in an air oven at 65'~. The boron 
carbide used for the coating and the procedure used to apply 
it were similar to those used to make material described 
in the First Year Summary ~ e ~ o r t .  The only significant 
change in the procedure involved the carrier to increase the 
macroscopic flatness of the coated film. 
After editing and adhesion testing of the control 
material, a 20 foot batch was used for composite evaluation. 
The material was fabricated into laminates 121-1 and 121-5. 
Each of these laminates was tested to measure its elastic 
modulus, proportional limit stress, ultimate stress and 
failure strain. The results are shown in Table 111. 
Figure 8. Spit Mark that Spalled off Tapered Bar 
Leaving Hole. X 930. 
Table I11 
Mechanical Properties of Process Modification Laminates 
Process Laminate Laminate Number Vol % Elastic PL Ultimate 
Modification No. Size of Density Rein- Modulus Stress Tensile 
Represented Layers pci forcement lo6 psi lo3 psi Strength 
Control 
Control 
Vacuum 
Oven 
Outgas 
Vacuum 
Oven 
Outgas 
High Temp. 
Deposition 
on Kapton 
High Temp. 
Deposition 
on Kapton 
Flatness 
by Flip-Flop 
Deposition 
Flatness 
by Flip-Flop 
Deposition 

Vacuum Oven Degassed Material 
As outlined in the introduction the main reason for 
examining the outgassing properties of the polyimide film 
was to find ways of increasing the degree of adhesion of the 
boron carbide to the polyimide film. Since the polyimide is 
formed by a condensation reaction it was considered possible 
that complete water removal had not been achieved before 
coating with boron carbide. Consequently, it was possible 
that after the initial coat of boron carbide, water vapor 
could accumulate at the polyimide -- boron carbide interface 
and decrease the adherence. Any plasticizer, solvent or 
low melecular weight material in the polyimide could act 
similarly. A degassing step prior to coating, therefore, 
appeared to be a promising procedure for increasing the 
boron carbide-polyimide bond. 
One pound of 0.25 mil Kapton, specially wound on an 
aluminum metal core, was obtained from DuPont. This material, 
on the metal core, was suspended in a vacuum oven so that 
there was no contact between the polyimide and the oven walls. 
The oven was evacuated and heated to PLO'C. The material 
was exposed to these conditions for a period of 35 days. An 
85 foot length was then loaded into the semi-continuous vacuum 
coater. Considerable difficulty was experienced during the 
loading operation. The polyimide film tore very easily. 
During the coating operation additional difficulty was ex- 
perienced with tearing of the film. In previous work the 
polyirni.de film was given a separate outgassing pass through 
the vacuum coater prior to coating with boron carbide. This 
step was not carried out in this case since the polyirnide 
had received the vacuum oven treatment. The film was coated 
with boron carbide, edited, and tested for the adherence of 
the boron carbide to the polyimide substrate. Adhesion was 
good but was not significantly improved by the more rigorous 
outgassing. However, the material was flatter and less 
wrinkled than the control material. This resulted from the 
reduced amount of handling associated with elimination of the 
separate outgassing step previously carried out in the 
vacuum coater. Some of this reinforcement material was 
fabricated into laminates 121-19 and 121-23. The mechanical 
properties of these laminates were measured and the results 
are shown in Table 111. 
Samples of the polyimide before and after vacuum oven 
exposure were sent to DuPont for testing. The test results 
obtained are shown in Table IV with comparative values for 
the same properties of standard Kapton. It is apparent that 
both the tensile strength and the elongation values had 
significantly decreased as a result of the extended vacuum 
degassing operation. 
The significance of these results is considered later 
under Discussion of Results. 
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High Temperature Deposition 
of Boron Carbide 
The temperature of the substrate during deposition is one 
of the main variables which would be expected to be related to 
the strength of the vacuum deposit. In general, highest 
temperatures commensurate with the stability of the substrate 
and consistant with low degrees of crystallinity in the deposit 
would appear to be the most desirable. 
Accordingly, two runs were made in which the boron 
carbide was deposited at temperatures just below that at 
which obvious thermal degradation of the substrate occurred. 
In one run the substrate was 0,25 mil polyimide film and 
in the other the substrate was 2 mil aluminum foil. 
Preparation of the polyimide reinforcement material 
followed the standard procedure except for the deposition 
temperature, After the coating operation was proceeding 
normally, the deposition temperature was increased until an 
"orange peel surface" was seen in the coated material. The 
temperature was then slowly decreased until these signs of 
polyimide film degradation just disappeared. The remainder 
of the film was then coated under these conditions, The 
resulting boron carbide deposit was bright and shiny and 
its adhesion to the polyimide substrate was good. This 
material was fabricated into laminates 121-97 and 121-101 
by the procedure detailed in Reference 4 (pp. 17, 18). The 
laminates were then tested to determine the mechanical pro- 
perties of the material. The test results are shown in 
Table 119. 
Preparati~n of the alumanurn reinforcement material also 
followed the standard procedure except for the deposition 
temperature, 
In this case, after the coating operation was proceeding 
normally, the deposition temperature was increased until the 
foil just began to melt directly over the vapor source. The 
temperature then was 660'~. The deposition temperature was 
then reduced lust below melting incidence while the boron 
carbide coating was applied to a 20 foot length of foil, The 
coating was black, shiny, uncracked, and had very good ad- 
herence. Coating thickness was 0.23 + 0.01 mil, This material 
was first fabricated into two layer primary laminates which 
were then assembled into a secondary laminate by substrate 
removal techniques. To accomplish this, the boron carbide 
surfaces of paired sheets of reinfozcement material were bonded 
together. The primary laminates thus formed were cut into 
strips of the proper size for the secondary laminate. These 
strips were etched in acid to remove the aluminum facing from 
both sides and were then bonded together by the procedure 
detailed in Ref. 4, pp. 17, 18. The secondary laminates 121-143 
and 121-148 were fabricated in this manner and were tested 
to determine the mechanical properties of the material, The 
test results are shown in Table 111, 
Alternate Two Side Deposition on Kapton 
One of the major difficulties in coating polyimide sub- 
strates with boron carbide arises because the coefficients 
of thermal expansion for these two materials are very different. 
(The coefficient for polyimide film is approximately 40 x 10-6/0~ 
while the boron carbide has a coefficient of 3 x ~o-~/oc). 
Consequ.ently, as a coated substrate cools after coating, the 
combination curls towards the polyimide. Under these conditions 
it is very difficult to prevent the boron carbide from being 
damaged -- and even if not damaged it is difficult to use the 
direct method of tensile testing to measure either the strength 
of the coating or the combination. The possibility of pro- 
gressively building up "sandwich" coatings on both sides of 
a polyimide substrate and so balancing the stresses arising 
from differences in the thermal coefficients was the subject 
considered in this phase of the program. It was really 
directed to the production of very flat sections of boron 
carbide-polyimide film. The coating was applied to the poly- 
imide strips with the aid of a so-called "flip-flop" device 
which was designed to prepare samples for direct testing of 
single sheets of reinforcement material. This device is 
described later in this report under the heading: "Tensile 
Tests of Boron Carbide and Boron on Single Layers of Various 
Substrates". 
Several runs were made with this device to prepare 
samples of reinforcement material for fabrication of test 
laminates. For each run, five strips of 0.25 mil polyimide 
film, 3/4 inch wide by 5% inches long were mounted in the 
fixture modules. The chamber was evacuated and the samples 
were pre-heated to 350'~. During the coating operation the 
temperature of the samples ranged from 3 5 0 ' ~  to 400'~. While 
the coating was beang applied the fixture modules were turned 
in a flip-flop mode through a 180' arc to expose the two 
sides of the Kapton strips alternately to the boron carbide 
vapor stream. Exposure intervals were five seconds per side 
and the total coating time during each run was four minutes. 
The coating rate of about 0.055 mil per minute produced an 
average coating thickness of 0.11 mil per side. Much of 
this material was the flattest yet prepared. The samples 
of reinforcement material were carefully removed from the 
"flip-flop" modules and coated with a thxn layer of epoxy to 
protect their surfaces. They were then stored in a desic- 
cator until used to prepare the test laminates, A total of 
55 samples were made. A set of coated samples after removal 
from the fixture modules is shown in Figure 9,  
The samples were inspected and those with obvious 
defects, such as spit marks and torn edges were re-jected. 
The remainder were fabricated into laminates 121-129 and 
121-135 by the procedure outlined in Reference 4(p. 19). The 
laminates were tested to determine the mechanical properties 
of the material. The test results are shown in Table 111. 
The analysis of the results obtained for this alternate 
two-side coating work is considered in the following Discussion 
of Results along with the results for the other process 
modifications described earlier. 
Figure  9 .  "Kapton' S t r i p s  Coated wi th  Boron Carbide 
i n  t h e  "Fl ip-FlopN F i x t u r e .  X 0 . 7 0 .  
Discussion of Results 
Modulus of Elasticity 
The relationships between the measured modulus and the 
boron carbide concentration for the reinforcement modifications 
investigated during this program are shown in Figure 10 where 
the modulus of elasticity is plotted against the volume 
fraction of boron carbide. Lines have been drawn to indicate 
60%, 8O%, and 100% translation effectiveness based on the Rule 
of Mixtures. The modulus of elasticity of boron carbide has 
been taken as 60 x 106 psi. Translation of the theoretical 
modulus of elasticity of boron carbide into all laminate 
specimens was better than 70% of that theoretically attainable. 
The best values were achieved with material made by alternate 
deposition or by deposition on a 2 mil aluminum substrate. 
Both of these materials were relatively flat and it is apparent 
that material for high modulus applications should be as flat 
as possible, 
Tensile Strength 
The tensile strength of the reinforcement material 
was affected by the process modifications investigated. The 
average ultimate tensile strength of laminates made from 
material representing the different process modifications 
has been shown to range from 14.9 x lo3 psi to 37.1 x lo3 psi, 
While these values are indicative of the relative strengths 
of the laminates, they cannot be used directly to compare the 
effect of the process modifications on tensile strength because 
there are different percentages of ceramic coating, polyimide 
and glue in each laminate as shown in Table V ,  These 
materials all have different tensile strengths. 
(I) 
a 25 
(I) 
Sample Indentity: 
1) Control 
2) Vacuum Oven Outgas 
3) High Temperature Deposition on Kapton 
4) High Temperature Deposition on Aluminum 
5) Alternate Side Deposition on Kapton 
Rule of Mixture 
= 100% effective a4 
5 10 15 20 25 3'0 35 40 45 50 
Volume Percent Boron Carbide in Laminate 
Figure 10. The Elastic Modulus of Reinforcement 
Laminate Specimens as a Function of 
the Volume Fraction of Boron Carbide. 
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A comparison may be made by plottlng the ultimate tensile 
strengths of a19 laminates against the volume fraction of 
contained boron carbide. Such a plot is shown in Figure 11. 
The lines representing the effect of each process modification 
have been drawn through two points. One point is the average 
of the tensile strength values determined for the two laminates 
representing each process modification. (See Table 111) The 
second point is the calculated tensile strength of a composite 
containing the same proportions of polyimide and glue but 
no boron carbide. The calculated values for zero percent 
boron carbide are shown in Table V .  The tensile strength 
values used in these calculations were determined on samples 
of the material being used. The values used for polyimide 
3 film were determined by the manufacturer to be 25 x 10 psi 
for as received material and 16 x lo3 psi for the vacuum 
oven outgassed material. The value used for the epoxy 
glue was determined by testing tensile specimens cast from 
a standard mix used to fabricate laminar composites. The 
measured value was 8 x lo3 psi. 
The plots in Figure 11 indicate that material prepared 
by the high temperature deposition of boron carbide pro- 
duced the strongest laminates. At a boron carbide concentration 
of 40%, for example, both sets of high temperature laminates 
3 
show a tensile strength of about 30 x 10 psi. At this rein- 
forcement concentration the control laminates showed a 
3 
strength of about 25 x 10 psi and the vacuum oven outgassed 
3 laminates about 21 x 10 psi. The laminate prepared from 
alternate two side deposition material shows no relation at 
all between strength and boron carbide concentration. Exami- 
nation of the ruptured specimens showed they had failed 
Sample Identity: 
I) Control 
2) Vacuum Oven Outgas 
3) High Temperature Deposition on Polyimide Film 
I 4) High Temperature Deposition on Aluminum I 5) Alternate-Side Depositi 
l,2,3,&5 extrapolated to 4750  psi at zero % B4C 
Volume Percent Boron Carbide in   am in ate 
Figure 11. Ultimate Tensile Strength of Reinforcement 
Laminate Specimens as a Function of the 
Volume Fraction of Boron Carbide. 
prematurely because of poor adhesion of the boron carbide 
to the polyimide film, As a result of this poor adhesion 
the boron carbide did not contribute to the strength of the 
laminate and it was not possible to determine the effect 
of the flatness of the material on the tensile strength of 
the reinforcement. The tensile strength value measured for 
these "flip-flop" laminates resulted from the combined contri- 
bution of the strength of the polyimide film and the epoxy 
adhesive. The boron carbide appeared to make no contribution 
at all. The horizontal plot for this reinforcement as a 
function of concentration is consistant with the fact that 
the boron carbide had failed in tension and was not bonded 
to the polyimide film. 
The strength of the boron carbide alone may be estimated 
using the data presented in Tables 111, IV, and V, and the 
Rule of Mixtures. While this procedure has severe limitations 
it may be used as a guide to indicate the relative effect 
of the various process modifications considered. In calcu- 
lating the strength of the boron carbide film the effective 
strengths of the other materials which were in the laminates 
actually tested were taken to be: 
Polyimide Film (Control) 3 25 x 10 psi 
Polyimide Film (Vacuum 
Degassed) 3 16 x 10 psi 
Epoxy Resin 8 x 10' psi 
The results of these calculations are presented in Table 
VT . 
Vacuum oven outgassing of the polyimide substrate pro- 
duced no significant change in the estimated strength of the 
Table VI 
Estimated Values of the Strength of Boron Carbide 
Film in Various Process Modification Laminates 
Modification Calculated Strength of 
Boron Carbide 
Control 
Vacuum Oven Outgas 
High Temperature Deposition 
on Polyimide 
Alternate Deposition 
High Temperature Deposition 
on Aluminum 
3 30.2 x 10 psi 
31.7 x Po3 psi 
3 44.2 x 10 psi 
3 14.5 x PO psi* 
3 63.5 x 10 psi 
*Poor Adhesion 
boron carbide. The values of 30.2 x lo3 psi for the control 
material and 31.7 x lo3 psi for the outgassed material are 
not significantly different. The difference in strength of 
the laminates representing these two materials, as shown in 
Figure 11, was probably dependent on the reduced strength 
of the vacuum oven outgassed polyimide film. 
Deposition at higher temperatures appeared to improve 
the strength of the boron carbide coating. The value of 
3 44.2 x PO psi for the strength of the coating deposited 
on polyimide film was almost 50% greater than the value 
of 30.2 x lo3 psi for the coating on the control material. 
The temperature at which the coatings were deposited in 
the two cases was not measured directly. However, approxi- 
mate temperatures could be inferred from related data. 
Calculations from measurements of the curvature of de- 
posited coatings and known coefficients of expansion of 
boron carbide and polyimide indicated that normal deposition 
temperatures range between 250'~ and 300'~. The weight loss 
study showed that the polyimide film could withstand tempera- 
tures up to 4 5 0 ~ ~  in vacuum without serious decomposition. 
Previous work had shown that at temperatures between 500'~ 
and 550" in vacuum the decomposition of polyimide film was 
serious enough to produce a poor coating and to weaken the 
polyimide so that extensive rupturing of the film occurred. 
During the high temperature deposition, the operating condi- 
tions were adjusted to obtain as high a deposition tempera- 
ture as possible without producing either a high chamber 
pressure or an extensive rupturing of the polyimide film. 
The deposition temperature was estimated to have been in 
the range 400'~ to 450'~. 
During the formation of the boron carbide coating on 
aluminum the deposition temperature was higher. In this 
case the energy input to the aluminum substrate was in- 
creased during deposition of the coating until the aluminum 
just began to melt when directly over the source, The 
energy input was then decreased slightly to just prevent 
melting. The coating was deposited under these conditions. 
Since the melting point of aluminum is 660°c, the deposition 
temperature was estimated to range from 550'~ to 6 0 0 ~ ~ .  The 
ultimate tensile strength calculated for the boron carbide 
coating deposited on aluminum at this higher temperature 
3 
was 63.5 x 10 psi. This was the strongest coating pro- 
duced by any of the process modifications in the present 
program. 
THE STRENGTH OF INDIVIDUAL FILMS 
One of the major difficulties in the past work on the 
structural properties of thin ceramic films has been that 
there has not been a satisfactory solution to the problem of 
how to measure the strength of these films. Internal stresses 
in the films have caused the films to bend and break when 
removed from the substrates, Thermal expansion differences 
between the films and substrates have resulted in curling 
and bending stresses. A number of other difficulties rise. 
Test specimens cut from larger sheets of material may fail 
prematurely and yield low strength values because the cutting 
initiates edge cracks which extend rapidly under stress. Test 
specimens prepared from laminates which have been fabricated 
from several sheets of film are less susceptible to this 
edge effect but introduce errors related to dilution of the 
reinforcement content by the adhesive which bonds the laminate 
layers together. In addition the films may be degraded by 
the handling and pressing required during the laminating 
process. Test specimens prepared by deposition of a ceramic 
coating onto a tapered metal bar (see First Year Summary 
2 Report) gave ambiguous results because of thermal pre-strains 
introduced by thermal expansion coefficient mismatches. There 
has not been a convincing procedure for measuring the strength 
of the boron, boron carbide coatings, consequently, other 
methods were sought. These included testing of individual 
films obtained by separating flakes of coatings from the 
substrates on which they were deposited after taking special 
precautions to reduce the curling stresses. Work was also 
initiated on the deposition of boron and boron carbide onto 
thin metallic substrates where the thermal expansion dif- 
ferences would be small. 
In the course of the work it became apparent that addi- 
tional problems were being introduced Sy possible variations 
in the boron-carbon ratio in the films formed on the evapora- 
tion of boron carbide. Accordingly, this part of the pro- 
gram began to give more detailed attention to the boron 
system. It was considered that it would probably be possible 
to directly relate the information gained on boron to boron 
carbide at a later date. 
The description of the work carried out has been divided 
into two main parts. Firstly, a description of the work on 
the direct testing of boron carbide flakes, and secondly, a 
description of the more extensive work associated with the 
deposition of boron carbide on polyimide film and boron on 
titanium, tungsten and tantalum. Each of the latter were 
tested without separation from the substrates. 
Tensile Testing of Boron Carbide Flakes 
Free flakes of boron carbide were obtained from samples 
of reinforcement material which had been prepared in the 
semi-continuous coater using two different substrates. The 
first substrate (Run 42-270) was 2 nil aluminum foil and 
the second (Run 42-272) was 0.5 mil titanium foil. Specimens 
of boron carbide flakes were removed from these substrates 
by short exposure to etchants or by thermal shock. Selected 
specimens were mounted in a testing jig for determination 
of their tensile strength, The testing jig, shown in Figure 
12, permitted horizontal mounting of the flake so that the 
gripping adhesive (diphenyl carbazide) could be melted in 
place and the test begun immediately without further handling 
of the samples. The test results are listed in Table VII. 
- 
The highest strength measured was 131 x lo3 psi. The mean 
value was 64 x lo3 psi for the thinner set of flakes and 
3 40 x 10 psi for the thicker set. 
This procedure required careful experimental procedures 
but it was direct and gave credible results for the flakes 
as mounted. However, there was a question as to whether the 
samples were affected by the procedures for removing them 
from the substrate. There was some evidence that the boron 
carbide was attacked by the acid etchant mix used to dissolve 
the titanium. 

Table VIP 
The Strength of Boron Carbide Reinforcement Films 
(Tensile Test of Free Flakes) 
Spec. No. Coating Thickness 
10-3 in. 
Tensile Strength 
~ s i  
42-272-1 
-2 
-3 
-4 
-5 
-6 
-7 
-8 
-9 
-10 
Average 
42-270-1 
-2 
-3 
-4 
-5 
-6 
-7 
-8 
Average 
Tensile Tests of Boron Carbide and Boron on 
Single Layers ofYVarious Substrates 
As outlined earlier, previous attempts to prepare single 
sheet samples of reinforcement material by deposition of a 
ceramic coating onto a pslyimide film or metal foil substrate 
pre-cut to test size were not successful. Stresses in the 
coating itself and between the coating and the substrate 
caused the reinforcement to curl during application of the 
first side coating and this curl could not be reversed during 
application of the second side coat, Samples flat enough 
for tensile testing could not be prepared in this manner. 
The concept of coating a pre-cut test sample with a 
number of thin layers applied alternately to the two sides 
was tried and found to be quite promising. A simple "flip- 
flop" fixture was constructed to permit samples to be coated 
in this manner. The fixture is shown in Figure 13. In use, 
narrow Strips of polyimide or metal were mounted in the module 
and then flipped back and forth, alternately exposing both 
sides of the substrate to the vapor source. The flipping 
was programmed to produce short equal exposures of the two 
sides of the substrate, repetitively, for as long an interval 
as desired. Initial tests showed that this technique could 
produce two-side coated strips of reinforcement material 
flat enough for tensile testing. The first test samples 
were prepared by depositing boron carbide on 0.25 mil polyi- 
mide film. The samples had two main types of defect: cracks 
in the coating traversing the width of the specimens, and 
shallow waves extending the length. These samples were not 
tested. They showed, however, that the concept was feasible. 
Figure  13. S ing le  Module "Flip-Flop" F i x t u r e .  X 0 . 4 5 .  
A more sophistncated "flip-flog" fflxture was designed 
and constructed as shown I n  Figure 14. This fixture pro- 
duced deposits which were less stressed and permitted five 
samples to be prepared at the same time. Test specimens 
prepared on polyimide film in this fixture continued to 
show some coating cracks across the width of the sample. 
Many were nearly flat and would have been suitable for 
testing as single sheets if the cracks had been absent. 
Because the cracks were present, tests were not performed 
on single sheets sf this material. However, two laminates 
were made from ~t as has been described in an earlier part 
of this report (pp. 29,301 . 
The work performed to date has suggested that the 
mechanical properties of boron and boron carbide coatings 
formed by vacuum vapor deposition are influenced by many 
variables. These include temperature of the vapor and of 
the deposition surface, rate of deposition, and angle of 
deposition. The development of a method for preparation of 
single sheet specimens of reinforcement material suitable 
for direct tensile testing has provided an opportunity to 
relate reinforcement strength more closely to the process 
variables used in preparing the materlal and to the char- 
acteristics of the ceramic coatnng, Refractory metal foils 
were selected as substrate materials for this work to permit 
deposition of the coatings over a greater range of tempera- 
tures than possible for polyimnde and aluminum substrates. 
The foils chosen for investigation were titanium, tungsten, 
and tantalum. These metals had the advantage that they have 
relatively low coefficients of thermal expansion -- values 
which are close to those of boron and boron carbide. 
The work carried on in the program for each of these 
materials ns descrxbed bebow. 
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Preparation and Testing of 
Boron-Titanium Specimens 
The first part of the work with titanium aimed at pre- 
paring relatnvely standardized substrate materials with known 
mechanical properties. Samples of tltanium were pretreated 
using conditions which would simulate those encountered during 
the coating process. It was considered that a comparison of 
the mechanical properties of both the coated and uncoated 
substrates would yield detailed information of the mechanical 
properties of the coating. 
Accordingly, a length of 0.5 mil titanium foil was 
annealed in a vacuum furnace at a temperature of 600'~. Five 
coupons 0.15 inch wide by 6.25 inches long were cut from this 
material. These coupons were solvent cleaned and chemically 
polished. They were then mounted in the "flip-flop" fixture 
in the same manner as they would be if they were to be coated. 
The chamber was evacuated to a pressure of 1 x lom5 torr and 
the coupons exposed to two heating periods while being flipped 
back and forth. During the first heatlng period the temperature 
was held at 600'~. The temperature was then reduced to 5 5 0 ' ~  
for the second heating period and was held at this value to 
simulate the temperature exposure during the coating operation. 
The coupons were then cooled, removed from the vacuum chamber, 
and cut into two pieces, each 0.75 ~ n c h  by 3.1 inches. Strain 
gauges were mounted on one half of each coupon so that a 
stress-strain curve could be obtained and both halves were 
then tested in tension, The stress-strain curves are shown 
in Figures $5 and 16, The test data and tensile strengths 
calculated for the uncoated titanium specnmens are shown in 
0 . 2  .4 . 6  .8  1.0 
Normal Strain, % 
Figure 15, Stress-Strain Curve for Specimen 
163-lA, Annealed Titanium. 
..2 .4 .6 .8  
Normal Strain, % 
Figure 16. Stress-Strain Curve for Specimen 163-2A, 
Annealed Titanium. 
3 Table VIII. The average tensile strength was 85.7 x 10 psi. 
To prepare a typical set of coated test specimens, five 
strips of titanium foil were solvent cleaned and chemically 
polished. They then were mounted in the modules in the "flip- 
flop" fixture and the coating chamber was evacuated to a 
pressure of 1 x lom5 torr. The strips were heated to 600'~ 
for 30 minutes and then were allowed to cool to 530'~ prior 
to the coating operation. The boron coating was applied 
while the modules holding the samples were rotated back and 
forth through a 180' arc around their lengthwise axes. This 
rotation flipped the samples over, alternately exposing their 
two sides to the depositing ceramic vapor. Each exposure 
interval lasted five seconds, minus the fraction of a second 
required for flipping. After vapor deposition was completed, 
the specimens were cooled to room temperature in vacuum 
before they were removed from the coating chamber. Two sets 
of coated specimens were made to determine the effect of 
coating thickness. In one set, the total coating thickness 
averaged 0.65 mil or 0.325 mil per side. Four of these 
samples were suitable for testing. In the second set, total 
coating thickness averaged 0.24 mil or 0.12 mil per side. 
Two of these samples were suitable for testing. The samples 
were cut in half to produce two test specimens from each 
sample. Strain gauges were mounted on one specimen from each 
sample and then all specimens were tested in tension. The 
stress-strain curves are shown in Figures 17 through 23. The 
test data and tensile strengths calculated for the boron 
coated titanium specimens are shown in Table IX. 
Table VIII 
Tensile Strength of Uncoated Titanium 
Foil Coupons 
Coupon No. Thickness Load Area Fracture Tensile Strength 
mil Sq. inches Force lo3 psi 
pounds 
Average 85.7 + 10 
- 0 5  .10 
Normal Strain, % 
Figure 17. Stress-Strain Curve for 
Specimen 161-1A, Boron- 
Titanium, 
0 - 0 5  .LO .15 
Normal Strain, % 
Figure 18, Stress-Strain Curve for 
Specimen 161-2A, Boron- 
Titanium. 
0 .05  .10  .15 
Normal Strain, % 
Figure 19. Stress-Strain Curve for Specimen 
161-3A, Boron-Titanium. 
.05 .10 .15 .20 
Normal Strain, % 
Figure 20. Stress-Strain Curve for Specimen 
161-424, Boron-Titanium. 
.1 .2 .3 . 4  .5  
Normal Strain, % 
Figure 21. Stress-Strain Curve for 
Specimen 162-2A, Boron- 
Titanium. 
Normal Strain, % 
.Figure 22. Stress-Strain Curve for Specimen 
162-2B, Boron-Titanium. 
- 0 5  010 .15 .20  . 25  
Normal Strain, % 
Figure 23. Stress-Strain Curve f o r  Specimen 
162-3A, Boron Titanium. 

The work carried on in this program for each of these 
materials is described below, 
The tensile strength of the boron coatings may be esti- 
mated in two ways. Firstly, the stress-strain curves may be 
used to determine the strain value at which the boron-titanium 
sample departed from elastic behavior (the proportional limit). 
If this strain is less than the elastic limit of titanium it 
may be assumed that the cause for non-elastic behavior of 
the composite was that the boron coating had failed. The 
boron strength could then be calculated from the product of 
the measured proportional limit strain and the known modulus 
of the boron. 
A second possible way to calculate the strength is by 
the Rule of Mixtures. This procedure, however, is open to 
a number of objections -- particularly when the coatings 
are thin and there is little difference in the measured 
strengths of the coated and uncoated samples. Nevertheless, 
both procedures are presented in Table X. 
The results presented in Table X indicate that the strength 
of the boron coating deposited on titanium at 550'~ ranged 
3 3 from about 60 x 10 psi to 110 x 10 psi -- based on the analysis 
of the stress-strain data. The thinner coatings gave the 
higher strengths. The Rule of mixtures gave a range of 
3 3 10.1 x 10 psi to 77.9 x 10 psi. It is likely that the former 
analysis is the betker. 
While these data did not yield high boron strengths, 
the results were encouraging in that the procedure appeared 
to be feasible. It opened the possibility of measuring the 
coating strengths and investigating the nature of the strength 
controlling factors. 
It appeared likely that one of the most important variables 
affecting the mechanical properties of the boron and boron 
Table X 
Calculated Strengths of Boron Deposited on 
Titanium at 550'~ 
1) From Proportional Limit Strain 
Sample Proportional Limit* Calculated Remarks 
Strain % Strength 
103 psi 
63 Failed in grip 
7 7  
110 Failed in grip 
9 3 
*The proportional limit of the titanium substrate was 
measured to be 0.28 and 0.32% (two samples). 
2) From Rule of Mixtures 
Calculated Strength* 
POJ psi 
*Based on the average strength of the titanium substrate 
of 85.7 x lo3 psi. 
carbide deposits would be the temperature of the substrate 
during deposition. Work on the titanium was limited to about 
600" because at higher temperatures titanium-boron reactions 
become significant, For this reason the next substrates con- 
sidered were tungsten and tantalum. 
Work with tungsten appeared an attractive possibility 
because it would offer the opportunity of comparison work 
with the boron filament results. 
However, thin tungsten foil was found to be very diffi- 
cult to handle. Attempts to prepare test specimens from 
strips of one mil thick material were not successful. Annealing 
of the strip, or sometimes even cutting the strip from the 
supply sheet, generated a characteristic right angle crack 
pattern in the material. This effect is shown in Figure 24. 
Because of this behavior, no further work was done with 
tungsten. The substrate used for the higher temperature 
deposition coatings was tantalum as described below. 
Figure 24. Crack Effect Found in Tungsten Foil. 
X 1 . 3 5 .  
preparation and Testing of Tantalum Specimens 
Boron was deposited on strips of tantalum foil in order 
to investigate the effect of deposition temperatures above 
700'~ on the strength of ceramic coatings. One of the "flip- 
flop" modules was modified to permit specimen strips to be 
resistance heated to temperatures up to 1350'~ while the 
module was being flipped back and forth. The module is shown 
after modification in Figure 25. 
As with the titanium, the strength of the uncoated metal 
was first determined, Individual test size coupons, cut from 
one mil tantalum foil, were mounted in the modified module 
and were annealed in vacuum at various temperatures for dif- 
ferent intervals of time to determine the conditions which 
would yield a reproducible tensile strength in the material. 
The coupons were solvent cleaned and chemically polished 
before they were mounted in the module. After annealing, the 
specimens were fitted with strain gauges and were tested in 
tension. The annealing conditions and the test results for 
these uncoated specimens are shown in Table XI. The stress- 
strain curves are shown in Figures 26 through 30. The data 
indicated that a temperature of POOO'C produced no significant 
change in the tensile strength of the tantalum between expo- 
sures of 5 minutes and one hour. Temperatures from 1 1 5 0 ~ ~  
to 1250'~ produced a reduction in the tensile strength. There 
was some evidence (specimen 176) that higher temperatures 
(1320'~) increased the tensile strength presumably because 
of conversion of the tantalum into higher strength compounds 
(oxides, etc.) by reaction with the residual gases in the 
vacuum system. Two sets of conditions, however, appeared to 
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Figure 26. Stress-Strain Curve for Specimen 
150-36, Annealed Tantalum, 
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Figure 27, Stress-Strain Curve for Specimen 
173, Annealed Tantalum. 
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Figure 28. Stress-Strain Curve for Specimen 
177, Annealed Tantalum. 
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Figure 29. Stress-Strain Curve for Specimen 
180, Annealed Tantalum. 
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Figure 3 0 .  Stress-Strain Curve for Specimen 
181, Annealed Tantalum. 
give tensile strengths which were relatively reproducible: 
firstly, temperatures up to E O O O ~  for one hour and secondly, 
a temperature of 1150°c also for periods up to one hour. 
These two sets of annealing conditions were used in pre- 
paring coated tensile specimens. 
Three coated specimens were prepared. Additional 
specimens were planned but not completed because of time 
limitations. While details of the preparation procedure used 
for each specimen differed, the general procedure was the 
same for all and is illustrated by the following description. 
A strip of tantalum foil was prepared in the same manner 
as for the uncoated specimens and was then mounted in the 
"flip-flop" module. The coating chamber was evacuated to a 
pressure of l x lom5 torr and the strip was annealed at 
either 1000'~ for 60 minutes or 3.150'~ for 30 minutes. The 
strip temperature was then adjusted and module oscillation 
was started. With the module flipping back and forth, the 
shutter was opened to expose the specimen strip to the 
boron vapor source. During the coating period of 15 to 25 
minutes each side of the specimen was exposed alternately to 
the boron vapor for 5 second intervals. After coating was 
completed, the shutter was closed and the specimen was 
cooled to room temperature in vacuum before removing it from 
the coating chamber. The specimen was sprayed at once with 
a very thin protective coat of clear acrylic varnish. 
Strain gauges were mounted on the three specimens. The 
exposure conditions, the composition of the coated specimen, 
and the test results for the individual samples are shown in 
Table XII. After the tensile tests were completed, a section 
of each tested sample was mounted for polishing, and examination 

by optical microscopy, The section views are shown In Figures 
31 through 33. The layers which made up the specimens were 
clearly evident, The thickness of each layer could be esti- 
mated by scaled measurement from the photomicrographs. The 
thickness data are included in Table XII. 
The core and main portion of each of the specimens was 
tantalum metal. In all three samples this core was covered 
on both sides with a layer of material which appeared to 
be the product of a reaction between the boron vapor and the 
outside of the tantalum metal specimen. Specimen 174, for 
instance, was not coated with the usual shiny black deposit 
normally associated with boron, The coating Instead had 
a bronze metallic lustre. In Table XI1 these layers have 
been designated as TaxBy. In specimen 183 there was an 
additional layer on each side. This layer appeared to be 
unreacted boron and has been so designated in the table. 
In the course of this work, considerable difficulty 
was experienced in measuring and controlling the temperature 
of the substrate during the coating operation. Measurements 
of the temperature of the substrate during the annealing step 
were carried out after calibrating an optical pyrometer 
for the annealing conditions. On the other hand during 
evaporation, energy reflected from the source and variations 
in the reflectivity of the sample being coated made optical 
pyrometer measurements highly ambiguous. In the later experi- 
ments (183 and 186) attempts were made to hold the temperature 
constant by maintaining a constant resistance in the foil 
being coated (the resistance of pure boron was expected to 
be considerably higher than the tantalum substrate for the 
coating thicknesses planned), While apparently feasible, 
this technique was not refined to a degree where relrable 
Figure 31, Sectional View of Specimen 174, 
X 1400, Boron-Tantalum. 
a. Entire ~hickness of Specimen. X 800. 
b. Specimen with Outer Coating Removed. X 775. 
c. Outer Coating Only. X 800. 
Figure 3 2 .  Sectional View of Specimen 183, 
Boron-Tantalum. 79 
Figure 33. Sectional View of Specimen 186, 
X 1400, Boron-Tantalum. 
substrate temperature control was masntasned. The results 
obtained were therefore questionable. Nevertheless, tempera- 
tures were apparently in excess of that required to hold 
the interaction of the boron and tantalum to low values. 
Examination of the stress-strain curves for the coated 
samples indicated departures from elastic behavior for all 
three samples at about 0,17% strain. Assuming the modulus 
6 
of the coating to be 55 x 10 psi, the coating strength 
3 
would then be estimated at about 90 x PO psi. The general 
evidence suggested, however, that this was associated with 
the failure of the interaction product and not with the boron. 
Although the work described above indicated that boron 
could be vacuum evaporated onto metallic foils at elevated 
temperatures the techniques were not refined to the degree 
to obtain satisfactory strength measurements. The so called 
"flip-flop" procedure, however, does appear to be a feasible 
method of producing coated foils to which stram gauges may 
be attached for detailed analysis of the mechanical properties 
of the deposit-substrate combination. Further work is re- 
quired to: 
1) Refine the procedure for reliable temperature 
measurement and control. 
2) Coat a number of substrates with boron over a 
wide temperature range. 
3) Measure the strength of the deposit and ascertain 
the strength controlling factors. 
It is hoped that this course will permit an evaluation 
of the relative importance of the many variables which may 
affect the tensile properties of the vacuum evaporated 
coatings and lead to significant increases in the strength. 
CONCLUSIONS 
The main conclusions reached during this investigation 
may be summarized as follows: 
1) The polyimide film (% mil) used as a substrate for 
the vacuum deposition of boron and boron carbide showed some 
asymmetry when heated. It shrank about 2.6% across the width 
of the film after heating to 350'~ for 20 minutes. There 
was no dimensional change in the direction of the main length 
of the film. 
2) The polyimide film had a number of surface defects 
and regions of stress. Defects such as holes in the film 
or lumps on the surface of the film were replicated by the 
vacuum deposits. These defects initiated cracks in the 
coating but were not the main source of crack nucleation. 
3) The most important crack nucleating defects observed 
were those associated with spit marks and small droplets of 
boron and boron carbide embedded into the vacuum deposit. 
4) Extended vacuum degassing of the polyimide substrate 
before coating did not significantly increase the adherence 
of the vacuum deposits. The degassing treatments used, 
however, significantly reduced the tensile strength of the 
polyimide film, decreased its tear resistance and reduced 
the elongation limit. 
5) There were some indications that increasing the 
substrate temperature during deposition resulted in materials 
which gave higher composite strengths. 
6) Techniques which were developed for vacuum coating 
both sides of single strips of thin substrate materials per- 
mitted specimens to be prepared which were flat, uncracked 
and sufficiently strong to permit handling, application of 
strain gauges and direct tensile testing, 
7) Direct tensile tests of small flakes of boron carbide 
obtained by removing the substrate materials gave strength 
values of in the range 40,000 - 131,000 psi. Thinner flakes 
were stronger than the thicker flakes, 
8) Preliminary work was completed for the deposition 
of boron on titanium and tantalum foil substrates at ele- 
vated temperatures -- up to 1100'~. Stress-strain behavior 
of specimens resulting from the initial tests indicated that 
the boron films evaporated onto titanium substrates at about 
600'~ had strengths in the range 63,000 - l10,000 psi. The 
results obtained on the evaporation of boron onto tantalum 
at 1000'~ were complicated by chemical interaction between 
the tantalum and boron. 
The main result of the overall program was to develop 
practical methods for the direct measurement of the strength 
of thin vacuum-deposited films of boron and boron carbide 
and to identify some of the defects which affect the strength 
of these films. Further work is required to control the 
process variables so as to reduce the defect density and 
increase the strength of the deposits. Moderate increases 
in tensile strength combined with the presently obtainable 
values for elastic modulus, lnterlaminar shear strength, 
torsional modulus, and compressive strength would yield a 
unique composite material with a number of potential areas 
of application in space structures. 
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